The understanding of speech in noise relies (at least partially) on spectrotemporal modulation sensitivity. This sensitivity can be measured by spectral ripple tests, which can be administered at different presentation levels. However, it is not known how presentation level affects spectrotemporal modulation thresholds. In this work, we present behavioral data for normal-hearing adults which show that at higher ripple densities (2 and 4 ripples/oct), increasing presentation level led to worse discrimination thresholds. Results of a computational model suggested that the higher thresholds could be explained by a worsening of the spectrotemporal representation in the auditory nerve due to broadening of cochlear filters and neural activity saturation.
Introduction 1
Complex acoustic signals such as speech are characterized by a combina-2 tion of spectral and temporal modulations. Speech understanding relies (at 3 least partially) on the ability to detect and discriminate these modulations.
noise of hearing-aid users (Bernstein et al., 2016) , assessment of cochlear 26 implant candidacy, parameter fitting, and new sound processing strategies 27 (Langner et al., 2017; Choi et al., 2016; Croghan and Smith, 2018; Zheng 28 et al., 2017) , evaluation of bimodal hearing benefit (Zhang et al., 2013) , and 29 music perception (Choi et al., 2018) . 30 Although these tests are used mostly in audiological research, to our 31 knowledge no studies have evaluated how presentation level affects SMD/STMD 32 thresholds. This is relevant because SMD/STMD thresholds might be nega-33 tively affected by the broadening of the auditory filters with increasing pre-34 sentation level (Glasberg and Moore, 2000) . Taking the effect of level into 35 account is crucial when administering SMD/STMD tests in a research en-36 vironment, in (potential) clinical practice, and even more in test situations 37 where it cannot be controlled strictly (e.g., home-based computerized reha-38 bilitation programs). Furthermore, we need to understand this effect to be 39 able to make a fair comparison of behavioral SMD/STMD results obtained 40 at different presentation levels within and across studies. 41 The goal of this work was to explore how presentation level affects SMD/STMD 42 thresholds for young adult NH participants. Specifically, we focused on the 43 STMD test, since spectrotemporally modulated (i.e., moving spectral ripple) 44 stimuli have been suggested to provide a better representation of speech (Won 45 et al., 2015) than stimuli measuring sensitivity to only spectral (i.e., rippled, 46 Litvak et al., 2007; Saoji et al., 2009) or temporal modulation. Addition-47 ally, STMD tests prevent participants from having access to phase cues by 48 using low rate temporal modulation (Bernstein et al., 2013) . Furthermore, 49 we used a biologically inspired model of peripheral processing up to the au-50 4 ditory nerve (AN) to help us interpret the behavioral results, to study the 51 contribution of peripheral information to spectrotemporal sensitivity, and to 52 generate STMD threshold predictions. We used the spectrotemporally modulated stimuli described by Kowalski 68 et al. (1996) and Chi et al. (1999) . These were 500-ms long (including 20-ms 69 onset and offset cosine ramps) and were generated with a sampling frequency 70 of 44100 Hz and 16-bit resolution using MATLAB (Mathworks, Natick, MA).
71
The spectral modulation was achieved as follows. The spectrum of the 72 ripple stimulus (the "carrier") consisted of 4000 random-phase tones equally 73 5 spaced along the (logarithmic) frequency axis from 354 to 5656 Hz. The 74 amplitudes of the individual components were adjusted to form a sinusoidally 75 shaped spectrum around a flat base. The amplitude of the ripple was defined 76 as the modulation depth m. The initial phase of the ripple Φ was defined 77 relative to a sine wave starting at the low-frequency edge. Its value was set 78 using 50 different selections of random phases between 0 and 2π to prevent 79 participants from using phase differences as a cue. The ripple density was 80 defined as Ω (with values of 0.5, 2, and 4 ripples/oct). The mathematical 81 expression for the static ripple is given in Eq. 1 82
where x is the position on the logarithmic frequency axis (in octaves), which 83 was defined as x = log 2 ( f f 0 ) with f being the component tone frequency and 84 f 0 the low-frequency edge. Notice that when m = 0, the resulting profile is 85 a flat spectrum.
86
The temporal modulation was achieved by moving the static ripple down-87 wards along the frequency axis at a constant velocity ω (defined as the num-88 ber of ripple per second passing the low-frequency edge of the spectrum).
89
The value of ω was 4 Hz. The complete mathematical expression for the 90 spectrotemporal modulated stimuli is given in Eq. 2, where t is time.
In order to make our results comparable to those of previous studies, we 92 report the modulation depth m as 20 log 10 (m) (i.e., in dB). The reference Initially, the stimuli were presented at levels of 65 and 86 dB SPL using all 99 three ripple densities (0.5, 2, and 4 ripples/oct). Then, stimuli were presented 100 at levels of 55, 65, 75, and 86 dB SPL with a ripple density of 4 ripples/oct. 7 Throughout, stimuli were presented monaurally to the left ear. Level roving 102 of 8 dB was used (i.e., random gain between -4 and 4 dB for each stimulus) 103 to reduce the salience of level cues (Eddins and Bero, 2007) .
104
A two-interval two-alternative forced-choice task was used. One of the 105 intervals contained the unmodulated (i.e., reference) stimulus and the other 106 interval contained the modulated (i.e., target) stimulus. The target was ran-107 domly presented in the first or second interval with equal probability. There 108 was a 500-ms pause between intervals. Participants were seated in front of 109 a computer screen. They were instructed to discriminate the target interval, 110 which would correspond to the stimulus with a "rippled, vibrating sound", 111 from the reference interval, which would correspond to the stimulus with a 112 "noisy sound". They did so by clicking on the corresponding button on the The distance between them is the interquartile range (IQR). Error bars (i.e., whiskers) are drawn from the ends of the IQR to the furthest data point within 1.5 of the IQR.
Crosses represent data points beyond that (i.e., outliers). Lower thresholds indicate better performance. * = p < 0.05, *** = p < 0.001. Figure 2 shows a boxplot of the STMD thresholds together with the aver-131 age across participants for stimuli at 65 and 86 dB SPL and 0.5, 2 and 4 rip-132 ples/oct. A general linear model (GLM) showed that ripple density had a 133 9 significant effect on the STMD thresholds (χ 2 (1) = 8.26, p < 0.001) as 134 did level (χ 2 (1) = 11.76, p < 0.001). There was a significant interaction 135 of ripple density and level (χ 2 (1) = 24.17, p < 0.001 
Neurogram activity 203
We quantified the increase of neural activity by computing the mean and 204 standard deviation of the neurograms across different levels. Figure 6 shows 
Neurogram frequency profiling 211
We defined a frequency profile of a neurogram as a slice across its CFs at 212 a given point in time. If we think of a neurogram as an image, a frequency 213 profile would correspond to all the row values of a specific column.
214
Consider the ESNs in Fig. 5 for the ripple density of 0.5 ripples/oct.
215
The top ESN (20 log 10 (m) = −∞ dB) shows a uniform, indistinct pattern. 
Regression

236
Model results were compared with the behavioral data using a regression 237 model. Since the results of experiment 1 showed that the effect of presenta-238 tion level was largest at 4 ripples/oct, we focused on the behavioral data for 239 experiment 2.
240
We calculated the difference in dispersion between a fully-modulated tar-241 get stimulus (20 log 10 (m) = 0 dB) and the non-modulated reference as a 242 predictor for an exponential regression model as described by Eq. 5:
with parameters a and b. It yielded an (adjusted) R 2 value of 0.98 and a 244 root mean squared error (RMSE) of 0.25 dB. Figure 9 shows plots of the 245 behavioral data versus the model metric as well as the regression model.
246
We used the generated model to predict the behavioral thresholds for the 247 different levels. Figure 10 shows the model's predictions as well as the mean 
Discussion
252
Higher levels led to increased STMD thresholds. Moreover, increasing Poveda and Johannesen, 2012) would very likely play a role. Therefore, we 284 hypothesize that STMD thresholds of HI listeners will also be affected by 285 level and will be worse than those of NH listeners. However, testing this 286 requires further behavioral measurements and modelling. This would be a 287 crucial step for further understanding the differences in STMD thresholds 288 between NH and HI participants. Our results show that attributing them to 289 differences in spectrotemporal sensitivity would be only partially true, since 290 level also plays an important role.
291
20
We used a computational model with a physiologically inspired front end 292 to explain the behavioral results (Fig. 5 ). We found that the observed effects 293 of level on the behavioral data could be explained by a worsening of the 294 spectrotemporal representation in the AN due to broadening of the cochlear 295 filters. Furthermore, higher levels led to more neural saturation "filling in the 296 dips" of the neurograms. This can be seen in the increase of the neural ac-297 tivity (Fig. 6 ) and the flattening of the frequency profiles (Fig. 7) . Frequency 298 profiles at lower levels reflected the changes of the spectral information across 299 time, while frequency profiles at higher levels lost the representation of this 300 information (Fig. 8 ). All these factors diminish the coding of the spectrotem-301 poral pattern of the modulated stimuli in the AN with increasing level, mak-302 ing it harder to discriminate.
303
The regression analysis (Fig. 9 ) suggested that information in the au-304 ditory periphery is able to account for a large proportion of the variance 305 in the behavioral data, supporting its value for predicting spectrotemporal 306 modulation thresholds (Fig. 10 ).
307
Similar results could have been obtained with a more simple model (e.g., an 308 excitation pattern model, Moore and Glasberg, 1987) . However, the use of 309 frameworks based on the biology of the auditory system has a few advan-310 tages. For instance, they incorporate physiological information inherently.
311
This allows a more direct, transparent understanding of the auditory mech- and OHCs (something that would not be straightforward to do using a non-317 physiological approach). Now that presented framework has been validated 318 for the NH case, this would be of special interest, since it could allow studying 319 the effect of level on spectrotemporal modulation detection by HI listeners 320 using a similar framework to the one described here.
321
Furthermore, alternative back ends could have been used in the proposed 322 model. For example, the ratio between the dispersion of the reference and 323 the target stimulus (instead of the difference) could have been used as the 324 predictor for the regression. Additionally, a different approach could have 325 been used to predict the behavioral threshold. For instance, the difference 326 in dispersion (or the quotient) between the reference and the target stimulus 327 required for threshold could be computed. Afterwards, the modulation depth 328 required to achieve this difference metric could be calculated iteratively, with 329 the final value being the predicted behavioral threshold. This approach would 330 eliminate the need for the regression model in Eq. 5.
331
The effect of presentation level has a number of implications for the use of 332 STMD tests in experimental and clinical environments. When administering 333 STMD tests at different levels, the observed differences in STMD thresholds 334 should (at least partially) be attributed to the effect of level, making it 335 more complex to interpret the contribution of spectrotemporal sensitivity 336 only. For NH participants it is recommended to use a fixed presentation level 337 to allow for direct comparison between their STMD thresholds. However, 338 it is unclear how level affects STMD thresholds in HI listeners. Therefore 339 recommendations for STMD tests in HI participants cannot be made based 340 on our data. Future work will be focused on investigating level effects for 341 22 different types of spectral and spectrotemporal ripple tests, as well as for HI 342 listeners. 343 5. Conclusions 344 STMD thresholds were higher (worse) at high than at low presentation
